Introduction
Tissue engineering, which means the generation of artifi cial three-dimensional (3D) tissues, is intended as a powerful tool for regenerative medicine and for drug screening [1] [2] [3] [4] [5] . The goal of tissue engineering can be defi ned as the development of cell-based substitutes to restore, maintain, or improve tissue function. These substitutes should have organ-specifi c properties with respect to biochemical activity, microstructure, mechanical integrity and biostability [2] . Cell-based therapy concepts include: (1) the direct transplantation of isolated cells; (2) the implantation of a bioactive scaffold for the stimulation of cell growth within the original tissue; and (3) the implantation of a 3D biohybrid structure of a scaffold and cultured 54 cells or tissue. Furthermore, nonimplantable tissue structures can be applied as external support devices (e.g., an extracorporal liver support when a compatible donor organ is not readily available [6, 7] ), or engineered tissues can be used as in-vitro physiological models for studying disease pathogenesis and developing new molecular therapeutics (e.g., in-vitro assays for drug screening [7] [8] [9] ).
For drug screening based on cell models, 2D cellular assays are mostly applied, using often well-described cell line models [10, 11] . These assays can be performed quite effi ciently in high-throughput screening (HTS) systems, but to date their value for predicting the clinical response of new agents, especially with respect to cancer therapy, is limited. This lack of predictability of 2D cellular assays is attributed to the fact that such systems do not mimic the response of the 3D microenvironment present in a tissue, or tumor, in vivo [10, [12] [13] [14] ; therefore, 3D-cellular assays are required. Compared to 3D-tissue cultures intended for medical applications, here the size of the tissue construct is not a major problem, as smaller tissue constructs are also appropriate. The main challenge is the effi cient, reproducible handling of a large quantity of tissue constructs in parallel.
The increasing market in highly specifi c biological pharmaceuticals such as antibodies, cytokines, growth factors or cells and tissue products highlighted the need for specifi c human relevant test systems on immunofunctions. In-vitro assays and transgenic animal models can be used in this situation. The development and use of immunotests in vitro, as well as transgenic animal models, must consider the remarkable specifi city of the immune systems of different mammalian species. The investigation of effects on human patients at the research level of drug screening, in addition to tests on potency in samples of process development and production and an adapted preclinical risk assessment, requires human in-vitro immunotests to be conducted.
Established in-vitro tests based on acute lymphocyte reactions for induced cytokine release or cell proliferation of freshly prepared blood samples, such as mixed lymphocyte reaction, are inadequate for investigations into complex or long-term effects such as induced hypersensitivity and allergy.
The effects of immunogenicity or immunotoxicity must have been monitored in long-term culture under physiological and histological equivalency of secondary lymphatic organs using primary cells, tissue preparations, or immunocompetent cell lines. Recently, the use of transgenic animals mimicking isolated functions of the human immunosystem has been inadequate. In the future, immune cellbased in-vitro test systems may have to compete with transgenic animal models having a reconstituted human immune system.
The in-vitro generation of 3D tissue constructs requires not only a biological model (e.g., an adequate source of proliferative cells with appropriate biological functions; a protocol for proliferating cells while maintaining the tissue-specifi c phenotype) but also the further development of new culture strategies, including bioreactor concepts [7, 15, 16] . Bioreactors established for the cultivation of microbes or mammalian cells under monitored and controlled environmental and operational conditions (e.g., pH, temperature, oxygen tension, nutrient supply) are mostly inapplicable to 3D tissue constructs. Furthermore, each type of tissue (e.g., skin, bone, blood vessels, cartilage) will likely require an individualized bioreactor design [15] . Therefore, tissue-specifi c bioreactors should be designed on the basis of a comprehensive understanding of biological and engineering aspects. Additionally, typical engineering aspects such as reliability, reproducibility, scalability and safety should be addressed [7, 16] . In the following sections, the key technical challenges are identifi ed and an overview of existing culture systems and bioreactors used for tissue engineering is provided. These topics have been addressed to some extent by several authors [6, 7, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] , and also reviewed [25]; therefore, they will be discussed only briefl y at this point. Particular focus will be given to the interaction between biological and engineering aspects and the special demands of using these reactor systems for drug screening. Using an artifi cial immunosystem as an example, it will be shown how an increased fundamental understanding of biological, biochemical, and engineering aspects can signifi cantly improve the properties of 3D tissue constructs.
Important Aspects for Bioreactor Design
With regard to tissue engineering, bioreactors are used for cell proliferation on a small scale (e.g., for individual patients) and on a large scale (e.g., for allogeneic therapy concepts), to generate 3D tissue constructs from isolated and proliferated cells in vitro and for direct organ-support devices [23] . These bioreactors should enable the control of environmental conditions such as oxygen tension, pH, temperature, and shear stress, as well as allowing aseptic operation (e.g., feeding and sampling). Furthermore, a bioreactor system should allow for automated processing steps. This is essential not only for controlled, reproducible, statistically relevant basic studies, but also for the future routine manufacture of tissues for clinical application or drug screening [7, 26] . In addition to these global requirements, specifi c key criteria for 3D tissue constructs based on cells and scaffolds must also be met, including the proliferation of cells, the seeding of cells onto macroporous scaffolds, nutrient (particularly oxygen) supply within the resulting tissue, and mechanical stimulation of the developing tissues [7] .
The proliferation of cells represents the fi rst step in establishing a tissue culture. Usually, cells harvested from a biopsy must be expanded by several orders of magnitude. Cell proliferation is quite often accompanied by the dedifferentiation of cells [27, 28] , with small culture dishes (e.g., Petri dishes, 12-well plates, and T-fl asks) being mainly used for cell expansion. As these devices allow an increase in cell number by a factor of only about 10, several subcultivation steps are required. These are considered to be a major cause of dedifferentiation of cells. Recent studies have shown that microcarrier cultures performed in well-mixed bioreactor systems can signifi cantly improve cell expansion [29] [30] [31] .
A further critical aspect of a differentiated tissue is the extracellular matrix (ECM), as described by Alison Abbott (cited from [95] ): "In mammalian tissues, cells connect not only to each other, but also to a support structure called the ECM.
This contains proteins, such as collagen, elastin and laminin, that give tissues their mechanical properties and help to organize communication between cells embedded within the matrix. Receptors on the surface of the cells, in particular a family of proteins called the integrins, anchor their bearers to the ECM, and also determine how the cells interpret biochemical cues from their immediate surroundings. Given this complex mechanical and biochemical interplay, it is perhaps no surprise that researchers will miss biological subtleties if the cells they are studying grow only in fl at layers. But providing an appropriate environment in which to culture cells in three-dimensions is no easy matter (…). Some researchers use simple gels consisting of collagen, whereas others make their own gels by extracting ECM material from relevant tissues. Another popular option is the commercially available Matrigel, which consists of structural proteins such as laminin and collagen, plus growth factors and enzymes, all taken from mouse tumours." [94, 95] . Further 3D (mostly macroporous) scaffolds used for tissue engineering have been discussed previously. The cell seeding of scaffolds is an important step in establishing a 3D culture in a macroporous scaffold, as not only seeding at high cell densities but also a homogeneous distribution of cells within the scaffold is essential [32] [33] [34] . Several techniques for cell seeding have been discussed by Martin et al. [7] .
A suffi cient supply of nutrients, together with the removal of toxic or inhibitory substances, is crucial for long-term culture to control a constant and defi ned environment. In 2D "fl at culture", the formation of a suitable microenvironment is disturbed by convection of the culture supernatant and the periodically exchanged media. Cell migration and interaction is limited on the 2D-culture surface, and is more or less defi ned by the initial seeding of cells or resuspension and may be suitable for single-layer epithelioid tissues based on a high proliferative capacity. Perfusable and cell migrational voluminous matrices -the so-called 3D-matrices -support the formation of local microgradients, cell migration, cell-cell-activation, leading to coordinated proliferation aggregation, the initialization of tissue forming, and tissue polarization.
All kinds of fl ows needed for long-term supply, such as transfusion, perfusion, circulation and convection, disturb the formation of guiding microgradients. For an ideal microenvironment, it is vital to ensure the correct balance of mini mal, yet suffi cient, perfusion and a maximum of self-conditioning. Suffi cient per fu sion ensures an optimum of nutrient and metabolite concentrations. In homogeneity in oxygen tension, and local accumulations of cytokines and chemo kines, triggers chemotaxis and cell activation and differentiation [101, 102] .
Furthermore, the size of most engineered tissues is limited as they do not have their own blood system and the cells are supplied only by diffusion [8, 25, 35] . Oxygen supply is particularly critical, as only cell layers of 100-200 μm thickness can be supplied by diffusion [36] . However, as tissue constructs should have larger dimensions, mass-transfer limitations represent one of the greatest engineering challenges [25] .
Various studies have shown that mechanical stimulation (e.g., mechanical compression, hydrodynamic pressure and fluid flow, which are important modulators of cell physiology) can have a positive impact on tissue formation [37] , particularly in the context of musculoskeletal tissue engineering, cartilage formation, and cardiovascular tissues [19, [38] [39] [40] [41] [42] [43] [44] [45] . As yet, however, little is known about the specifi c mechanical forces or the ranges of application, such as magnitude, frequency, continuous or intermittent, and duty cycle [7, 17] . Further studies of these factors must be coupled with quantitative and computational analyses of physical forces experienced by cells and changes in mass transport induced by the method used.
Culture Systems and Bioreactors Used in Tissue Engineering
An overview of the culture systems and bioreactors used for the engineering of 3D tissue constructs, including cell maintenance, proliferation, and tissue formation, is illustrated schematically in Figure 2 .1a-c.
Culture systems developed for the monolayer culture of adherent cells (T-fl asks, Petri dishes, multiwell plates) are normally used for cell maintenance and proliferation. These systems allow for sterile handling procedures and are easy to use, disposable, and inexpensive [46] . By contrast, they require individual handling, for example in stages of medium exchange and cell seeding, and their usefulness is limited when large quantities of cells are required [15] , though this can be overcome to some extent by using sophisticated robotics [7] . In addition, environmental parameters such as pH, pO 2 , and temperature cannot be controlled. A further drawback is the limited increase in cell number (approximately 10-to 20-fold during cultivation); consequently, the generation of a large number of cells requires several enzymatic subcultivation steps, accompanied by an increased passage number and cell dedifferentiation. In recent studies small well-mixed bioreactors (e.g., shake fl asks, stirred vessels and "super spinner") have been suggested for cell proliferation in which the cells are grown on microcarriers [29] [30] [31] . These systems have been used for the cultivation of encapsulated cells [27, 28] or neural stem cells in single-cell suspension culture [47] .
3D tissue cultures can be performed in fi xed-bed and fl uidized-bed bioreactors, with the cells being immobilized in macroporous carriers or in networks of fi bers arranged in a column so that they are either packed (fi xed-bed) or fl oating (fl uidized-bed). The column is permanently perfused with a conditioned medium contained in a reservoir, mostly using a circulation loop. These types of reactor are very effi cient for the long-term cultivation of mammalian cells to produce biopharmaceuticals, such as monoclonal antibodies, recombinant drugs including tissue plasminogen activator (tPA) and erythropoietin (EPO), or recombinant retroviruses for gene therapy [48] [49] [50] . For tissue engineering, the reactors have been investigated for several applications, including the cultivation of "liver" cells as an extracorporeal liver device [6, 18, 51] In membrane bioreactors, including hollow-fi ber reactors [56] , the miniPerm system [57] or the tecnomouse [58] , cells are cultivated at tissue-like densities in a compartment which contains one or several types of membrane for nutrient and oxygen supply and removal of toxic metabolites. Hollow-fi ber systems are widely used in the production of biopharmaceuticals, including monoclonal antibodies. Several examples of modifi ed membrane bioreactors exist for the 3D culture of tissue cells, including hepatocytes [6, [59] [60] [61] [62] [63] [64] , skin cells [65] or other human cells [58, 66] . Most of the culture systems and bioreactors discussed so far were fi rst developed for the cultivation of mammalian cells, and subsequently adapted to the engineering of 3D tissue constructs. However, apart from some exceptions, they cannot easily be used in the generation of implantable tissue constructs, as each type of tissue intended for implantation (e.g., skin, heart valve, blood vessel, cartilage) requires a different geometric structure and a specifi c bioreactor design. One of the most prominent culture systems is the rotating-wall vessel [32] , in which a construct remains in a state of free-fall through the medium with a low shear stress and a high mass transfer rate. This system has a wide range of practical applications [7, 15, 67] . A multipurpose culture system was introduced by Minuth et al. [68] for perfusion cultures under organotypic conditions. In this situation, several tissue carriers can be placed inside a perfusion container and, depending on the type of tissue-specifi c cell required, different supports can be selected. A perfused fl ow-chamber bioreactor with a new concept for aeration has been recently introduced [44, 69] in which tissue-specifi c inserts for various types of tissue (e.g., cartilage, skin, bone) can be applied.
In addition to these examples of multipurpose bioreactors, numerous tissuespecifi c culture systems have been suggested and reviewed [7, 8, 16-19, 22, 23, 35, 59, 70-72] . Unfortunately, the majority of these have been custom-made, with only very few having been commercialized.
The Operation of Bioreactors
Bioreactors allow for different process strategies including batch, fed-batch, or continuous cultivation (Figs. 2.2 and 2.3) .
Continuous perfusion, in particular, enables cultivation to be carried out under constant and controlled environmental conditions [44, 51, 68, 69, 73, 74] . Martin et al. [7] summarized some of the effects of direct perfusion on tissue-specifi c properties such as growth, differentiation and mineralized matrix deposition by bone cells, the proliferation of human oral keratinocytes, rates of albumin synthesis by hepatocytes, the expression of cardiac-specifi c markers by cardiomyocytes, and glucosaminoglycan (GAG) synthesis and matrix formation by chondrocytes (Fig. 2.4) [69] .
On the other hand, a bioreactor system becomes more complex when additional features such as feeding pumps, vessels for fresh and spent medium, and control strategies are required, particularly in the case of mechanical stimulation. With regard to the formation of an implantable tissue, the bioreactor system must be integrated into the entire cultivation scheme, including biopsy, proliferation (cell expansion, usually in T-fl asks), cell seeding of the bioreactor, tissue formation, and delivery to the site of application (e.g., the hospital). This is particularly important with regard to the manufacture of engineered tissue constructs for clinical applications, when good manufacturing practice (GMP) requirements must also be met [15, 16] . 

3D Systems Used for Drug Testing
The importance of handling a large quantity of tissue constructs in parallel has already been addressed in Section 2.1. Most systems discussed so far do not fulfi ll this requirement; rather, they are mostly applicable for a specifi c tissue construct of a desired size, to provide a controlled environment, and to enable a continuous supply of nutrients and oxygen as well as the removal of metabolites. Some systems were successfully applied for in-vitro drug studies [45, 55, 67, 74, 75] , but these proved mostly to be unsuitable for handling a magnitude of culture units in parallel, as the need for additional devices such as pumps, tubes, medium reservoirs and aeration units ballooned.
As an alternative, tissue culture units especially intended for HTS have been developed, and included the multicellular spheroid model [11, 77, 78] , microelectrode arrays ("Biology on a Chip" [79] [80] [81] [82] ), the cultivation of organ slices [83] , or multilayered post-confl uent cell culture [84] . The specifi c features of these techniques are discussed at length in the following sections. Most of these techniques are well suited to the cultivation of small tissue constructs, and it could be shown that tissue-specifi c functions were maintained satisfactorily. The lack of environmental control is seen as the main drawback of these systems; for example, the exchange of medium occurs mostly in batch mode, which leads to a constantly changing environment. A continuous exchange of medium under controlled conditions, such as in bioreactors for tissue constructs, is seldom achieved. Hence, the future challenge will be to combine the advantages of both approaches -to have a "conventional" bioreactor design for tissue constructs on the one hand, and HTS-culture techniques for 3D-constructs on the other hand.
Modeling of Bioreactor Systems for Tissue Engineering
The appropriate molecular and macroscopic architecture of 3D tissue constructs is essential when producing a phenotypically appropriate tissue [8] . The exact local conditions experienced by the cells must be understood, yet in many cases the culture systems and bioreactors used for 3D tissue culture have not been optimized in this respect. Several parameters, such as perfusion rate, fl ow conditions, shear stress, and compression magnitude, have been varied, quite often by using a trial-and-error approach. Furthermore, different conditions must be examined accurately with regard to their effect. For example, hydrostatic pressure applied during cartilage culture can lead to an improved mass transfer of small and large molecules into the cartilage matrix, but can also induce a mechanical stimulation of embedded cells.
As an example, mass transfer effects within a bioreactor designed for the cultivation of artifi cial blood vessels will be discussed in order to provide a deeper understanding of the physiological situation of the cells, especially with regards to oxygen supply within the reactor system. Oxygen can be supplied to the cells within the vessel matrix only by diffusion, as the vessel wall is not vascularized. As a direct measurement of oxygen concentration within the vessel matrix is not possible, the only way to obtain a better understanding of the oxygen concentration profi le within the vessel matrix is to develop a mathematical model considering the mass transfer limitations on both sides of the vessel, as well as within the vessel matrix. The model assumptions are described in Figure 2 .5a, while Figure 2 .5b shows the radial oxygen profi le within the vessel wall for different cell numbers. This indicates that, over the radius of the vessel, the oxygen concentration decreases rapidly, depending on the number of immobilized cells.
For cell densities of approximately 4 × 10 7 mL -1 , severe oxygen limitation must be expected, whereas for cell densities of 10 8 mL -1 (a tissue-like cell density) the penetration depth for oxygen is less than 100 μm. As the thickness of vessels used experimentally at present is approximately 1 mm, an appropriate cell density with suffi cient oxygen supply is about 10 7 mL -1 of the vessel matrix. Further detailed simulations showed that the fl ow rate had no signifi cant effect on the oxygen profi le within the vessel wall, as the main mass transfer resistance is not in the boundary layer medium/vessel wall, but rather is within the vessel wall. Other parameters (e.g., vessel thickness, vessel inner radius and/or length) were also of minor importance. It can be concluded from these results that the number of cells within the vessel matrix and/or the thickness of the vessel matrix, which is not perfused, are strongly limited. These fi ndings agree well with those of investigations into the cell penetration depth in macroporous carriers (using a NMR technique), and were in the range of 100-200 μm [36, 85] .
To prove further how much oxygen is supplied from the outer medium (which is not fl owing), a corresponding model was formulated. The vessel wall was described by a plate geometry, with the further assumption of one-dimensional diffusion without reaction. From Figure 2 .5c it can be concluded that the oxygen concentration in the outer vicinity of the vessel decreases very rapidly, so that the oxygen contribution from this side may be neglected.
This small example underlines the importance of theoretical considerations regarding mass transfer effects in 3D tissue cultures. Therefore, experimental studies should always be supported by simulation methods such as computational fl uid dynamics (CFD), or the fi nite-element approach. Several examples underline the potential of an integrated study of mechanical and biomechanical factors that control the functional development of tissue-engineered constructs [86] [87] [88] [89] [90] [91] [92] , and this approach will undoubtedly signifi cantly improve bioreactor design in the near future. 
The Artifi cial Immune System
In vivo, immunogenicity and effects of immunotoxicity are localized in primary immune organs such as bone marrow or thymus, or secondary immune organs such as the lymph nodes and spleen, and spread into the peripheral tissues of the body, such as the skin and gut [106] . Tissue engineering approaches can be used to remodel cascades of cellular interactions in vitro. Recently, ex-vivo-generated and cultivated lymphatic cells have been used for immune cell therapies (e.g., adoptive immune responses, immune tolerance), but solid lymphoid tissue might also be a new substrate for regenerative medicine, in future. The implantation of artifi cial tissue-engineered lymphatic constructs in mice was recently described [112] . Due to the limitations of assays using suspended lymphocytes or native tissue biopsy preparations, it is essential that immunofunctions are monitored in longterm cultures, using in-vitro-designed complex multicellular systems of different cell types in tissue-like structures, termed "organoids". Organoids can be defi ned as artifi cial organ structures that are formed either by step-by-step reconstruction or by induced self-organization and self-assembly, and which demonstrate integrated organ functions in in-vivo equivalency. These organoids are generated in 3D culture systems, assisted by matrices for the initial seeding of cells and sustained support of cell interaction. Organoids overcome the limitations of "fl at biology" in vitro [93, 98] ; embedding of the matrices supports 3D cell-cell interactions and the formation of larger cell aggregates [99] . (b) The oxygen profi le within the vessel. The complex model describing the oxygen profi le within the inner lumen of the vessel and the vessel wall contains the oxygen uptake kinetic of the cells, the diffusion of oxygen in the vessel wall, and the mass transfer resistance from the fl ow in the center of the lumen to the inner radius. (c) The oxygen profi le around the vessel. In order to prove how much oxygen is supplied from the outer medium which is not fl owing, a corresponding model was formulated with the following assumptions. The vessel wall was described by a plate geometry; with the further assumption of one-dimensional diffusion without reaction, the following differential equations and boundary conditions, with D as the diffusion coeffi cient for oxygen in the medium, are valid. Parameters: fl ow rate = 6 mL min -1 ; diffusion coeffi cient oxygen in membrane D eff = 8.9 mm 2 h -1 ; diffusion coeffi cient oxygen in medium D = 11.16 mm 2 h -1 . Remodeling the cellular interactions in dynamic tissues such as lymph nodes, spleen or endothelial-blood complexes requires controlled perfusion and mixing of the suspended mobile cells with matrix-bound immobile cells. Cell mixing enhances the probability of statistically distributed, rare and highly specifi c but much-needed initial cell-cell contacts and interactions, and for this perfusable matrices of suffi cient porosity and migrational support are needed. The cell suspension can be applied continuously, periodically, or as a single event; moreover, the cell suspension can be reused in circulation for better stochastics.
The artifi cial lymph node (ALN) technology mimics the lymph node physiology by supporting the highly dynamic cellular self-organization, and the intensive interaction of mobile and stationary immune-competent cells and soluble antigens. The human lymph node acts like an interface between blood fl ow and the lymphatic fl uid, transporting different types of cell populations. The lymphatic tissue ensures effective interaction of antigen-presenting cells (APC), for example, dendritic cells (DCs) and lymphocytes [106] . Antigen-loaded DCs of all body compartments enter the lymph nodes via lymphatic fl uids, and adhere to the cellular network and inner surface of macroporous artifi cial ECM-equivalents. Naïve or resting T and B lymphocytes are transported by arterial blood fl ow and penetrate the endothelial barrier by cytokine-and chemokine-directed extravasation. The T lymphocytes then migrate through the lymphatic tissue to achieve close contact with the immobilized APC for induction. The B lymphocytes form distinct B-cell areas, where they await antigen and co-stimulation by activated T cells.
As a technical equivalent, the ALN-bioreactor integrates mobile and immobile cell phases for effective interaction (Fig. 2.6) . A central culture space (CCS) of 500 μL (scalable up to 4 mL) is supplied by a planar set of microporous hollow fi bers for oxygenation and pH control. The CCS is matrix-fi lled and supported by planar macroporous membranes that allow continuous transfusion with media and cells from the peripheral culture space (PCS). Defi ned perfusion rates ensure adhesion and migration, and the media and cell suspension are continuously transfused in cyclic fashion to ensure long-term cultivation.
The CCS and PCS are designed in terms of geometry and transfusion velocity for a long and effective residence time of cells in the matrix, but a short residence time in the supporting fl uids.
The application of suspended T lymphocytes and B lymphocytes is later restricted to a defi ned period of culture time. The transfusion of cells and media exchange and dilution is controlled independently (Fig. 2.7) . Fig. 2.7 Design of the artifi cial lymph node bioreactor in cross-sections and 3D shape. The central culture space (CCS) is supported by microporous hollow-fi ber membranes for media and gas supply. For stabilization, the matrix-fi lled CCS is separated from the outer culture space by a macroporous membrane. The geometry of culture spaces and supporting fl uidics is optimized for a maximum residential time in the CCS and effi cient, but gentle, cell transportation in the peripheral culture space. 
Matrices
Supporting matrices for the CCS need to be perfusable, cell-adhesive, and cell-migrational. In contrast to biohybrid implant technology (e.g., cartilage), biodegradability is irrelevant, but cell proliferation and the growth of organoids is necessary. Matrix sheets of nonwoven fi bers (polyamides), hygrogels (peptides, agaroses, alginates, fi brin) and sponges (collagens) are particularly suitable for this purpose. Matrix performance is defi ned by the composition and structural properties on nanometer and micrometer scales.
Microenvironment
Cellular interaction and activation is controlled by the local microenvironment. A good balance of moderate perfusion and diffusion limitation ensures the formation of local microgradients in the CCS. As with many hormones, cytokines and growth factors have both autocrine and paracrine effects [105] , but in contrast to hormones most of them function on a short track in the cellular neighborhood, or by direct cell-cell contact only. An overlay of different metabolite and factor microgradients forms distinct niches for cell differentiation, activation or energy. The differentiation and activation of hematopoietic stem cells and mature lymphocytes is biased by distinct levels of factors, such as glucose, lactate, dissolved oxygen, and pH [96, 97, [100] [101] [102] . APC immobilized in the ECM form a cellular network and secrete chemokines for the attraction of highly migrational T lymphocytes [109] [110] [111] . The communication of APC and T cell, and the formation of immunological synapses, is driven by a set of cytokines [103, 104] . Activated T lymphocytes are key players in antigenspecifi c co-stimulation of B cells to ensure sustained B-cell activation and antibody rearrangement and secretion.
The T-cell activation can switch into a humoral, antibody-driven or a cellular immune response, and is strongly influenced by interleukin (IL)-4, IL-10, tumor necrosis factor (TNF)-α and interferon (IFN)-γ. In addition to the given local microenvironment, immune responses can also be guided by additional supplementation.
Monitoring
The online monitoring of tissue morphogenesis and organoids in perfusion bioreactor culture is limited to a small set of parameters. They need to be described as "black boxes" during the culture period, and the readout is defi ned by histological endpoints. Process control is based on online-sensing of oxygen and pH, and samples of culture supernatant are periodically harvested (at 12 h and 24 h) to this purpose. New approaches of miniaturized fl uorescence-based online sensing for pO 2 , pCO 2 and pH can be implemented [113, 114] . In perfusion culture, the pH and defi ned levels of dissolved oxygen, metabolites and factors in the PCS can be adjusted by media and gas exchange.
The monitoring of cytokines provides insight into cellular immunological processes. Successful antigen presentation leads to increased TNF-α con centrations, while the induced T-cell reaction is described by IFN-γ release. Shifts in T-lymphocyte populations into humoral or cellular inductors are better described by a set of cytokines (the cytokine panel). A cellular immune response (TH1-response) is detected by increased levels of IL-2, IL-12 and IFN-γ or TNF-α. In contrast, IL-4, IL-5, IL-6, IL-10 and IL-13 describe a humoral response (TH2-response) [107, 108] .
Tissue formation of the generated organoids can be characterized after harvest and histological preparation. Histochemical and immune-histological staining of the matrix sheets allows investigations to be made of the tissue formation and cellular composition. To prove the development of germinal centers (GC) [106] as key structures for antibody maturation in vivo, hematoxylin and eosin (H&E) staining or May-Gruenwald-Giemsa-staining can be used. The immune-specifi c detection of cell surface markers can identify lymphocytes (CD3, CD4, CD19, CD20), and also verify the segregation of lymphocytes into T-and B-cell areas in the matrix. Ki-67 or BrdU-incorporation is indicative of cell proliferation, while key to the scheme is the histological confi rmation of secreted or membrane-bound IgM/IgG and their spatial distribution.
Living cells can be prepared following the disintegration of organoids, and also for further cultivation, cell fusion and fl uorescence-activated cell sorting (FACS). DNA and RNA preparations can be obtained by using microdissection technology, while new approaches in live cell-imaging technology, multiphoton microscopy and microtomography each allow the monitoring and characterization of cell migration, homing proliferation [115, 116] , and tissue formation in situ [117].
Conclusions
An overall comparison of different culture methods clearly shows the advantages of 3D tissue constructs for drug screening. Bioreactors can provide a better process control by taking into account the different demands of cells during cultivation. Furthermore, they can provide the technical means of performing controlled studies aimed at understanding specifi c biological, chemical, or physical effects, or for drug screening. Moreover, bioreactors enable a safe and reproducible production of tissue constructs, and can also be used to study effects such as shear fl ow and/or hydrostatic pressure on the generation of tissues.
With regard to future clinical applications, the bioreactor system should be an advantageous method in terms of low contamination risk, ease of handling, and scalability. With regard to drug screening, it is important that bioreactor systems are designed which allow for the cultivation of a magnitude of small tissue samples or constructs in parallel (HTS), under controlled conditions. These devices should consist of disposable, inexpensive cultivation units implemented with hardware to control temperature and gas and medium supplies. Moreover, such devices should be capable of operating automatically and continuously, with minimal manipulation steps.
To date, the goals and expectations of bioreactor development have been fulfi lled only to a limited extent, notably because bioreactor design in tissue engineering is not only very complex but is also at an early stage of development. In the future, an intimate collaboration between engineers and biologists should lead to an increased fundamental understanding of the complex issues that will impact on tissue formation in bioreactors. These advances should help to ensure that, in time, tissue engineering fulfi ls the expectations for revolutionizing drug screening tools and medical care.
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